The bacterial RsgA, a circularly permutated GTPase, whose GTPase activity is dependent on the 30S ribosomal subunit, is a late-stage ribosome biogenesis factor involved in the 30S subunit maturation. The role of RsgA is to release another 30S biogenesis factor, RbfA, from the mature 30S subunit in a GTP-dependent manner. Using cryoelectron microscopy, we have determined the structure of the 30S subunit bound with RsgA in the presence of GMPPNP at subnanometer resolution. In the structure, RsgA binds to the central part of the 30S subunit, close to the decoding center, in a position that is incompatible with multiple biogenesis factors, all three translation initiation factors, as well as A-, P-site tRNAs and the 50S subunit. Further structural analysis not only provides a structural model for the RsgA-dependent release of RbfA from the nascent 30S subunit, but also indicates RsgA's role in the ribosomal protein assembly, to promote some tertiary binding protein incorporation. Moreover, together with available biochemical and genetic data, our results suggest that RsgA might be a general checkpoint protein in the late stage of the 30S subunit biogenesis, whose function is not only to release biogenesis factors (e.g., RbfA) from the nascent 30S subunit, but also to block the association of initiation factors to the premature 30S subunit. YjeQ | single-particle reconstruction | molecular dynamic flexible fitting
T he ribosome is an elegant macromolecular machine responsible for the biosynthesis of proteins in all living organisms. This process of protein translation in bacteria requires four highly conserved ribosome-dependent GTPases, including initiation factor 2 (IF2), elongation factor-Tu and -G (EF-Tu, EF-G), and release factor 3 (RF3). In addition to these classical translational GTPases, several other GTPases are also involved in translationassociated events with auxiliary roles or unknown function, such as LepA, SelB, Tet, and BipA (1) . Along with these translational GTPases, a few more GTP-binding proteins have been reported to be able to bind to the ribosome or ribosomal subunits, including Era, YjeQ, YqeH, YlqF, ObgE, YsxC, EngA (reviewed in ref. 2) , and Hflx (3) . Although the detailed function of all these GTPases remains to be elucidated, accumulating evidence shows that a majority of them are involved in the processing of ribosomal RNAs or the assembly of the ribosome subunits (2) .
Among these ribosome-binding GTPases, Era, YjeQ, and YqeH, were reported to associate with the 30S subunit (4-7). Although YjeQ was confirmed to be a ribosomal small subunitdependent GTPase (6) , and hence named RsgA (7), the role of the 30S subunit in the GTPase activation of Era and YqeH still awaits more evidence. It was reported that the low intrinsic GTPase activity of RsgA is stimulated by 130-170 folds upon the binding to the 30S subunit (6, 7) . Both the in vivo and in vitro biochemical data (6, 7) indicated that RsgA preferentially binds to the 30S subunit, and the affinity is so greatly enhanced in the presence of GMPPNP that the interaction can tolerate up to 1 M NH 4 Cl salt condition (6) . The putative RsgA binding position on the 30S subunit was suggested to be close to the decoding center, probably close to the aminoacyl-tRNA site (A-site), as shown by chemical modification experiments (8) and biochemical evidences that a few A-site specific antibiotics inhibit the small subunit-dependent GTPase activity, but not the binding affinity of RsgA to the 30S subunit (7, 9) .
Along with the biochemical characterization of RsgA, genetic studies have also been conducted to elucidate the phenotype of RsgA-deficient strains. At cellular level, the deletion of RsgA severely decreases the cell growth in all three tested species, Escherichia coli (7), Bacillus subtilis (9) , and Staphylococcus aureus (10) . It also causes the cell morphological change in B. subtilis (9, 11) , lowers the virulence in S. aureus (10) , and, interestingly, confers the high-salt resistance in E. coli (12) . Moreover, RsgA deletion in E. coli results in the accumulation of separate ribosomal subunits as well as immature 17S rRNA, suggesting its possible role in the 30S subunit maturation (7) . A very recent study identified a few gain-of-function mutations on RbfA (ribosome binding factor A), which could rescue the phenotype of the RsgA-null strain (13) . RbfA is a cold-shock protein (14) and was found to be involved in the maturation of the 5′-end helix of 16S rRNA at low temperature (15) . Following this clue, the authors found that all these RbfA mutants have a decreased 30S subunit affinity and further demonstrated that RsgA promotes the release of RbfA from the mature 30S subunit in a GTPdependent manner, but not from the premature 30S subunit containing 17S rRNA, thus establishing the functional role of RsgA in the late stage of the 30S subunit maturation at the molecular level (13) .
In the current study, we present a cryo-EM structure of the 30S ribosomal subunit bound with RsgA in the presence of a nonhydrolyzable GTP analog, GMPPNP. Detailed structural analysis indicates that RsgA makes extensive contacts with helices 18 and 44 of the 16S rRNA and is mutually exclusive with RbfA (16) on the mature 30S subunit. This finding agrees well with proposed physiological function of RsgA (13) and provides a structural basis for the action of RsgA on the RbfA release from the 30S subunit. In addition, comparison of the 30S·RsgA structure with the 30S·RbfA structure (16) indicates that RsgA is also involved in the ribosomal protein assembly, especially some late-stage tertiary binding proteins. Furthermore, the RsgA binding position is also incompatible with all players in translation initiation, including three initiation factors (IF1, IF2, and IF3), A-site and P-site tRNAs, and the 50S subunit, as well as several other biogenesis factors. These observations suggest that RsgA might be a general checkpoint protein in the late stage of the 30S subunit biogenesis, not only to release RbfA and other biogenesis factors from the nascent 30S subunit, but also to block the binding of players in translation initiation to the premature 30S subunit.
Results
Overview of the Specific Binding Site of RsgA on the 30S Subunit. Consistent with previous reports (6, 7), RsgA in both the GMPPNP and GDP-bound forms was able to bind to the 30S subunit (Fig. S1) . We then applied cryo-EM and single-particle reconstruction to both samples. However, in the cryo-EM map of the 30S·RsgA·GDP complex there is no extra mass found when compared with the map of the empty 30S subunit. This suggests that the 30S·RsgA·GDP complex is not stable and quickly dissociates during the cryosample preparation. Therefore, the detailed structural analysis in the following is based on the 30S·RsgA·GMPPNP complex only.
The cryo-EM map of the 30S·RsgA·GMPPNP complex clearly shows an extra mass on the 30S subunit (Fig. 1A) , forming a bridge between the head and the platform, while leaving the underneath mRNA pathway on the 30S subunit virtually unaffected. This extra mass could be readily attributed to RsgA because of its shape and dimension similar to the crystal structures of RsgA (17) (18) (19) . To explore the detailed interaction between the 30S subunit and RsgA, we built an atomic model of the complex using a flexible fitting method based on molecular dynamics simulation (20) . In the atomic model, the major contacts between RsgA and the 30S subunit are protein-RNA interactions: The N-terminal oligonucleotide/oligosaccharide-binding (OB) domain interacts with helices 18 and 44, the central GTPase domain interacts with helix 44, and the C-terminal zinc-finger domain interacts with helices 29-31 of the head. RsgA also interacts with several ribosomal proteins, including S12, S13, and S3 ( Fig. 1C and Fig. S2 ).
The overall binding position of RsgA is highly consistent with a previous chemical modification experiment (8) , and most of the 16S rRNA residues shown to have enhanced protection upon RsgA binding are exactly localized at the RsgA:30S interface (Fig. S3) . Interestingly, the binding position of RsgA is in conflict with several ribosome biogenesis factors, such as RbfA (16) and KsgA (21) , all three initiation factors (22) (23) (24) , and both the A-and P-site tRNAs (25) , as well as the 50S subunit. This observation, we believe, is of important implication to the physiological role of RsgA in the 30S subunit biogenesis (see Discussion).
The N-terminal OB Domain Interacts with Helices 18 and 44. In the atomic model, the N-terminal OB domain of RsgA makes contacts with helices 18 and 44 ( Fig. 2A) . The overall binding position of the RsgA OB domain is very similar, but not identical, to that of IF1 in the crystal structure of the Thermus thermophilus 30S·IF1 complex (Fig. S4) (22) . Specifically, strong polar interactions are seen between Arg67-Arg68 of RsgA and the backbone of C519-A520 of helix 18 ( Fig. 2A) . Moreover, the loop (Phe48-His51) connecting β1 and β2 of RsgA is inserted into the minor groove of helix 44 ( Fig. 2A) , and the conserved basic residues Arg47 and Arg71 appear to stack with the flipped-out base of A1493 (Fig. 2B) . Additionally, the OB domain of RsgA is seen to have possible contact with S12 as well ( Fig. 2A) .
A major species-specific feature of RsgA from E. coli is that it possesses an additional N-terminal extension, which is disordered in the crystal structure of RsgA (19) and therefore absent in our atomic model as well (missing residues 1-34). Because of its flexible nature, we were only able to locate partial densities for this N-terminal extension. Nevertheless, the map clearly indicates that this extension interacts at least with helix 18 (loop 530) of the body, and helix 34 and S3 of the head (Fig. S2) , consistent with the fact that the first 20 N-terminal residues are required for the 30S subunit binding (Fig. S1 ) (6) .
The GTPase Domain of RsgA Interacts with Helices 44 and 24. The GTPase domain of RsgA has an unusual arrangement of conserved G-domain motifs in a circularly permutated manner (G4-G5-G1-G2-G3) compared with classical G-proteins (G1-G2-G3-G4-G5). A circularly permutated GTPase domain is also found in other ribosome biogenesis factors, such as YlqF and YqeH, and a common feature among them is the presence of an additional C-terminal RNA-binding domain (26) . The 16S rRNA, small subunit proteins, and RsgA are painted in blue, purple, and green, respectively. The h18, h24, h29, h44, S12, and S13 denote the corresponding rRNA segments and small subunit proteins, respectively. In our atomic model, the GTPase domain interacts mainly with the upper part of helix 44, in a way that places Switch I and Switch II directly at the interface, suggesting that the GTP hydrolysismediated conformational change on the two switches would directly affect RsgA's binding to the 30S subunit (Fig. 3) . In addition to the interactions with helix 44, a loop (Pro134-Leu136) of the GTPase domain, particularly Glu135, interacts with helix 24 (Fig. 3A) as well.
It is worth mentioning that the densities for the N terminus of the GTPase domain (residues 104-122), which are partially disordered in the crystal structure (missing residues 111-115) (19) , are nicely resolved in the cryo-EM map (Fig. S5) . This segment is connected to the upstream OB domain through a long loop and appears in our atomic model to interact with the very C-terminal end of RsgA (Fig. S5) . Therefore, this segment might have an important role in the conformational signal propagation from the central GTPase domain to both the N-and C-terminal domains. In fact, it has been shown that the equivalent segment in B. subtilis YlqF (Fig. S6) , another circularly permutated GTPase involved in the 50S subunit assembly (27) , is important in the nucleotide modulation of the binding of YlqF to the 50S subunit (28) .
The C-Terminal Zinc-Finger Domain Forms a Bridge Between the Head and the Platform of the 30S Subunit. By convention, the C-terminal domain of RsgA contains a treble clef zinc-finger motif, defined by a consecutive arrangement (from the N to C terminus) of elements: a zinc knuckle, a loop, a β-hairpin, and an α-helix (29) . The complete C-terminal domain of RsgA has an additional helix-turn-helix motif (ET1) upstream of the zinc-finger motif and another helical extension (ET2) downstream (Fig. 3B) .
In the atomic model, the C-terminal domain interacts mainly with the head of the 30S subunit. Strong interactions are formed between the zinc knuckle and the loop A1339-A1340 of helix 29 (Fig. 3B) . The tip loop of the zinc-finger motif is also seen to interact with the C-terminal tail of S13, probably through the hydrophobic interaction by Tyr299 of RsgA (Fig. 3B) .
In contrast to the zinc-finger motif, ET1 and ET2 do not show direct contact with the platform of the 30S subunit, except that a basic residue Arg331 is very close to the backbone of helix 24 (Fig. 3B) . We believe that the two extensions serve as a structural scaffold to orient the zinc-finger motif and allow the binding of zinc knuckle to the head of the 30S. In the structure, the two extensions are tightly packed with the GTPase domain, indicating that they might be more sensitive to conformational signal upon the GTP hydrolysis on the GTPase domain, allowing the binding of the zinc-finger motif to be regulated by the nucleotide-binding states of the GTPase domain.
Conformational Changes on RsgA and the 30S Subunit upon Association. Early kinetic data revealed that RsgA, as other translational GTPases, has a rapid GTP hydrolysis rate but a very slow turnover rate (30) , consistent with its role in conformational signal transduction. Crystal structures of RsgA from different species are in either apo form (18) or GDP form (17, 19) . In our structure of the 30S·RsgA·GMPPNP complex, RsgA was saturated with GMPPNP in the sample preparation and thus reflects a genuine GTP, 30S-bound state.
A comparison of RsgA structure in the isolated, GDP-bound form with the cryo-EM model revealed a few interesting structural rearrangements mainly on the N-and C-terminal domains, whereas the GTPase domain is the least changed except the switch regions (Fig. 4) . Firstly, significant conformational changes are seen in the zinc-finger motif, apparently resulting from the interactions with rRNA helices and S13. Secondly, a slight tilt is observed on the two extensions that anchor the zinc-finger motif, presumably reflecting that these two extensions could sense the conformational signal from the GTPase domain, likely through Switch II, which is exactly N-terminal upstream ET1. Lastly, the N-terminal OB domain has very pronounced conformational changes, with a rotation around its β-barrel axis in addition to a lateral movement (Fig. 4) . These conformational changes, we believe, are of key importance to the understanding of different binding modes of RsgA to the 30S subunit, modulated by the nucleotide states of the GTPase domain.
However, there is no significant large-scale conformational change on the 30S subunit upon RsgA binding compared with the cryo-EM map of the empty 30S subunit (Fig. S7) , although local conformational changes in regions close to RsgA contacts are indeed found. Nevertheless, this observation is reminiscent of the idea that RsgA might be the finishing factor of the 30S subunit maturation (13) .
RsgA is a Ribosomal Antiassociation Factor. The binding position of RsgA on the 30S subunit overlaps largely with the 50S subunit, indicating that RsgA could have an antiassociation effect on the 70S ribosome formation. Earlier biochemical experiments (7, 8) have shown that RsgA, in the presence of GMPPNP, significantly promotes the dissociation of the 70S ribosome in vitro. Consistently, our experiments show that in addition to its dissociating activity (Fig. S8) , RsgA·GMPPNP also inhibits the formation of 70S ribosome from purified, separated subunits ( Fig. 5 A and B) in vitro. Next, we sought to see if the same effect is true in vivo. As a result, the overexpression of RsgA under induced condition dramatically increases subunit fractions and totally abolishes the polysome fractions, as compared with noninduced condition (19) , is displayed as a stick model. (B) The interaction of the C-terminal zinc-finger motif-containing domain with helix 29 of the head. The zinc-finger motif, extension 1 (ET1), extension 2 (ET2), and S13 are painted in gray, yellow, brown, and purple, respectively. Residues appearing to have strong interactions are labeled and displayed as stick models. Superimposition of the cryo-EM density map is shown in Center thumbnails. ( Fig. 5 C and D) . Therefore, both the in vivo and in vitro data show that RsgA indeed possesses an antiassociation activity on the 70S ribosome formation, and excessive amount of RsgA blocks the formation of the 70S ribosome and lowers the cellular translation activity. However, in the normal growth condition, the measured RsgA: ribosome ratio by Western blotting was about 1∶200, significantly lower than that of other translation factors (6), such that RsgA would not disrupt the normal translation process.
Discussion
Mechanistic Model for the RsgA-Dependent Release of RbfA from the 30S Subunit. Previously, a cryo-EM study reported that RbfA binds to the neck region of the 30S subunit and might stabilize helix 1 of the pre-16S rRNA to facilitate the 5′-end processing (16) . A comparison of the RsgA binding position revealed in the present work with that of RbfA (16) results in a significant overlap at the OB and GTPase domains of RsgA (Fig. S9) . And more strikingly, in the 30S·RbfA structure, helices 44 and 45 are in a dramatically distorted conformation (16), compared with the 30S·RsgA and the apo-30S structures (Figs. S7 and S10). Such an unusual configuration of helices 44 and 45 in the presence of RbfA is apparently incompatible with the stable binding of RsgA simultaneously. This observation perfectly explains the mechanism of the RsgA-dependent release of RbfA from the mature 30S subunit from a structural aspect. However, it was noted that RbfA also stimulates the RsgA binding to the mature 30S subunit (13) . After a careful examination of our cryo-EM map, we believe that such a seeming discrepancy could be reconciled if we take into consideration the possible contribution of the N-terminal extension of RsgA. That is, the N-terminal extension of RsgA might be involved in the initial binding of RsgA to the 30S·RbfA complex, because it does not overlap with RbfA binding position. Thus, taking all together, we propose a working model in which RsgA might act in a stepwise manner (Fig. 6A) : (I) initial docking of RsgA·GTP to the 30S·RbfA complex, where RbfA might be involved in recruiting RsgA's N-terminal extension; (ii) accommodation of RsgA·GTP on the 30S subunit, where RbfA is released because of the significant conformational change on helices 44 and 45 induced by RsgA·GTP; (iii) GTPase activation on RsgA, which eventually leads to RsgA·GDP dissociation because of a reduced affinity. Perfectly in line with this model, RsgA virtually creates two connections between the head and the body, and thus "glues" together the two major parts to facilitate the departure of RbfA (Fig. S2 ). This mechanistic model also receives indirect support from the genetic data that the slow growth phenotype of the RsgA-deficient strain can be rescued by overexpression of IF2 (31), because IF2 also binds to helix 44 and might compensate for the release of RbfA in RsgA-deficient cells.
Function of RsgA in the 30S Subunit Assembly. Kinetic study of in vitro 30S subunit reconstitution using purified ribosomal proteins and 16S rRNA showed that addition of assembly factors (Era, RimM, and RimP) enhances the binding of specific ribosomal proteins during the assembly process (32) . The comparison of the 30S·RbfA map with our 30S·RsgA map thus enables the examination of ribosomal proteins that are affected upon RsgA binding during the late-stage assembly. In fact, in addition to distorted conformation at h44 and h45, the 30S·RbfA map also displays very distinctive conformation not only at helices in the intermediate proximity of h44 and h45, such as h1, h23, h28, and h34, but also at distal h6, h8, h10, h13, h14, and h33 (Fig. S11) , indicating that the 30S·RbfA map resembles an assembly intermediate, in a nearly mature state, although the sample was prepared from mature 30S subunits (16) . The difference map analysis shows that in addition to significant conformational changes on almost all of the peripheral ribosomal proteins, densities corresponding to S3, S12, S14, S16, and S17 are significantly enhanced in the 30S·RsgA map (see Fig. S11 for detailed analysis) . Especially, densities of S12, S14, and a large portion of S3 are almost missing in the 30S·RbfA map, indicating that RsgA binding accelerates or stabilizes the binding of these proteins. This is in agreement with our observation that the 30S·RsgA map shows very little difference with mature, apo-30S map (Fig. S7) , suggesting that RsgA acts during the later stages of the 30S maturation. Therefore, RsgA also functions to facilitate the incorporation of ribosomal proteins, especially those tertiary proteins with very slow binding rates (33) , during the late-stage 30S subunit maturation. Importantly, this proposed role of RsgA in the ribosomal protein assembly is supported by recent kinetic (34, 35) and time-resolved EM (35) studies of the in vitro reconstitution of the 30S subunit. It was shown that in absence of biogenesis factors the in vitro assembly proceeds along multiple parallel pathways and often encounters kinetic traps, particularly involving the late-stage maturation of the 3′-domain (34, 35) . For example, S2, S3, and S14, three slowly binding proteins of the 3′-domain (33) , could bind to assembly intermediates in independent order (35) . However, the initial binding of S2 to assembly intermediates would result in kinetically trapped intermediates with a slow rate of subsequent S3 binding and further assembly (35) . Consistently, our analysis indicates that RsgA promotes the binding of two 3′-domain tertiary proteins (S3 and S14), compared with the S2-containing 30S·RbfA complex, suggesting that RsgA might be able to avert the in vivo assembly process from such kinetic traps involving S2. Thus, this role of RsgA constitutes an illustration of the proposed general role of assembly factors in vivo; i.e., to improve the assembly efficiency by preventing or rescuing kinetically trapped assembly intermediates (34) .
The GTPase Activation on RsgA and the Role of the 30S Subunit. The dissociation constants of RsgA in isolated form for GDP and GTP measured by isothermal calorimetry at 25°C are 1 and 8 μM, respectively (19) , in the same range as other ribosome biogenesis GTPases. Because of relative low affinity of these biogenesis GTPases for nucleotides, it was suggested that they do not require the participation of GEF (guanine nucleotide exchange factor) during their functional cycle (2) . Because RsgA is dependent on the 30S subunit for its GTPase activity (7), the 30S subunit must serve as a GAP (GTPase-activating protein). However, because of limited biochemical data, it is not clear whether the GTPase activation on RsgA is directly facilitated by neighboring 16S rRNA residues, in a similar way as seen in the activation of translational GTPases by A2662 of the sarcin-ricin loop of the 23S rRNA (36), or is due to specific conformational changes on RsgA caused by the 30S subunit binding. If the former is true, the neighboring loop A790 of the 16S rRNA might be the potential GAP component on the 30S subunit (Fig. 3) , because it situates toward the nucleotide-binding pocket. Another feature of RsgA is that it belongs to a HAS-GTPase (hydrophobic amino acid substitution) family, with a hydrophobic residue (Val278) at the position of a catalytic glutamine in classical GTPases (26) . Whether a neighboring residue replaces the role of such a catalytic glutamine would require atomic structure of the 30S·RsgA·GMPPNP complex, and unfortunately could not be unambiguously answered in the present work.
Functional Interplay of RsgA with RbfA and Era. The functional interplay of the 30S subunit biogenesis factors seems to be very complex and is not well understood. Over decades, numerous valuable genetic data have been accumulated (reviewed in ref. 37 ), suggesting some factors might act in parallel with some extent of hierarchy as well. Although the primary function of RbfA is to help the 5′-end processing, Era, as the only essential biogenesis factor (38) , binds to a 16S rRNA segment, 1531 AUCACCUCC 1539 , at the 3′-end (39, 40) and is proposed to act as an rRNA chaperone to maintain the 3′-end in a conformation to assist 3′-end cleavage (40) . Interestingly, overexpression of Era could partially suppress the phenotype of the RbfA-null strain (41) , indicating that Era might have an overlapping function with RbfA on the 5′-end maturation. Cryo-EM structure of the 30S·Era complex showed that Era also binds to the junction of the head and the platform, at a different location, and might stabilize the 3′-end helix 1 indirectly through helix 28 to compensate RbfA function (39) . Furthermore, because overexpression of Era is also beneficial to the RsgA-null strain (31) , Era might have a functional redundancy with RsgA. Indeed, the binding of RbfA or Era restructures the 3′-end of 16S rRNA very differently (16, 39) , indicating RbfA and Era cannot coexist stably on the 30S subunit containing 16S rRNA. Thus, Era might be able to compensate for the release of RbfA from the nearly mature 30S subunit in RsgA-null cells as well.
Therefore, combining available genetic, biochemical, and structural data, we put forward a putative map for the actions of these three factors in the late-stage 30S subunit maturation (Fig. 6B) . Available cryo-EM structures (refs. 16, 39, 42 , and the present study) are indicated (numbered from 1 to 5) in the map. The map features two major branches, with possible connections in-between. The 30S subunit maturation proceeds efficiently in the presence of all factors, and the deletion of any factor except Era would divert the process to other branches, rendering an inefficient but still viable pathway. In contrast, Era could associate with the pre-16S rRNA at an early stage of the small subunit assembly (43) and might function at different time points through the late stage (40) . A major question left unanswered is how RbfA, Era, and RNases, with additional factors, convert a precursor 30S subunit (17S rRNA) to a nearly mature 30S subunit (16S rRNA), in a concerted or stepwise fashion. The answer would largely rely on biochemical data from a more defined in vitro system.
The Possible Role of RsgA as a General Checkpoint Protein in the Late
Stage of the 30S Subunit Biogenesis. The biological function of RsgA is to release RbfA from the nearly mature 30S subunit; however, RsgA also binds to the 17S rRNA-containing premature 30S subunit with a lower affinity (13) . From the structural view, RsgA binds to the central part of the 30S subunit, occupies a large surface area at the intersubunit side, and thus could make the mature or premature 30S subunit inaccessible to other biogenesis factors. It also comes to our attention that all of the eleven base modification sites on the 16S rRNA (ten methylations and one pseudouridination) are very close to the RsgA binding site (Fig. S9) . The rRNA modifications can take place both during the 30S subunit maturation and on fully functional 30S subunits (44) . Considering the space available for these modification enzymes to fulfill their function, the binding of RsgA would interfere with these factors. One interesting example is the E. coli KsgA, which converts two adjacent residues (A1518 and A1519 of h45) to dimethyladenosines at an intermediate state of the 30S subunit assembly (45) . Deletion and overexpression of KsgA both result in a 16S rRNA processing defect (46) , implying its role in ribosome biogenesis. A methyl-transferase deficient mutant of KsgA is even more deleterious because of its stronger association with the 30S subunit (46) . And the mapped binding site of KsgA on the 30S subunit (21) is indeed in clash with that of RsgA. Therefore, RsgA might be responsible for the prompt release of KsgA from the 30S subunit as well.
Ribosome biogenesis factors not only promote the subunits assembly in vivo by changing the kinetics of the assembly process, but also may act as checkpoint proteins for quality control (37) . Previously, because of their possible interference with translation initiation, both Era (39, 40) and KsgA (21) have been suggested to serve as checkpoint proteins in the late-stage 30S subunit biogenesis. Considering the close resemblance of the 30S·RsgA structure to the fully mature 30S subunit and the informative location of RsgA on the 30S subunit, we think that RsgA might have a more general role as a late-stage checkpoint protein. In addition to its role in the ribosomal protein incorporation, it clears various biogenesis factors associated with the nascent 30S subunits, and its departure from the 30S subunit upon completing its mission might mark the finishing point of the 30S subunit maturation. Our structural observation that RsgA is incompatible with all three initiation factors, as well as A-and P-site tRNAs, agrees with this general checkpoint role that RsgA could block the binding of players in translation initiation to the premature 30S subunits to ensure a quality control of the 30S subunit production.
Methods
Full details on RsgA purification, ribosome purification, ribosome profile experiments, and the 30S·RsgA complex formation are available in SI Methods.
Cryo-EM and Image Processing. Cryogrids were prepared with Quantifoil 2∕4 grids using an FEI Vitrobot Mark IV at 4°C. The specimen was examined at liquid nitrogen temperature in an FEI Titan Krios operated at 300 kV using a nominal magnification of 59,000×. Images were recorded on an FEI Eagle 4 k × 4 k CCD camera under low-dose condition with a dose of approximately 20 e − ∕Å 2 , using the automated data collection system AutoEMation (47). Image processing was performed using SPIDER package following the standard reference projection matching procedures (48) . The effective pixel size on the object scale is 2.9 Å. The final resolutions (Fourier shell correlation 0.5 cutoff criterion) for the 30S·RsgA·GMPPNP complex and the apo-30S are 9.8 and 10.5 Å, respectively (Fig. S12) . The details on image processing and structural analysis are provided in SI Methods.
Homology Modeling and Flexible Fitting. The atomic model of E. coli RsgA was modeled from the crystal structure of Salmonella typhimurium RsgA (19) , which shares 96% sequence identity with E. coli RsgA. The homology modeling was performed with MODELLER (49) . The E. coli RsgA model and the 30S subunit crystal structure (50) were docked into the cryo-EM map first as rigid bodies using Chimera (51), followed by a flexible fitting method based on molecular dynamics simulation (20) . Chimera and PyMOL (52) were used for graphic visualization.
